Electrical resistivity ρ, specific heat C, and magnetic susceptibility χ measurements made on the filled skutterudite CeRu 4 As 12 reveal non-Fermi liquid (NFL) T -dependences at low T, i.e., ρ(T) ∼ T 1.4 and weak power law or logarithmic divergences in C(T)/T and χ(T). Measurements also show that the T -dependence of the thermoelectric power S(T) deviates from that seen in other Ce systems. The NFL behavior appears to be associated with fluctuations of the Ce valence between 3 + and 4 + rather than a typical Kondo lattice scenario that would be appropriate for an integral Ce valence of 3 + .
I. INTRODUCTION
The filled skutterudite compounds of the form MT 4 X 12 where M = alkali metal, alkaline earth, lanthanide, actinide, T = Fe, Ru, Os and X = P, As, Sb have been shown to exhibit a wealth of strongly correlated electron phenomena including; spin fluctuations, itinerant ferromagnetism, local moment ferromagnetism and antiferromagnetism, conventional BCS superconductivity, unconventional superconductivity, heavy fermion behavior, and nonFermi liquid behavior.
1,2 Many of these phenomena depend on hybridization between the rare earth or actinide f -electron states and the conduction electron states. This trend is evident in the CeT 4 X 12 systems, for which the expected lattice constant value due to the Ln 3+ lattice contraction at room temperature is strongly depressed for the phosphides, is not depressed at all for the antimonides, and is intermediate for the arsenides. 3, 4 The affects of hybridization are particularly dramatic for CeRu 4 Sb 12 which, until now, was the only filled skutterudite known to show non-Fermi liquid (NFL) behavior. 5, 6, 7 In this compound, the NFL behavior is characterized at low T as follows : resistivity -ρ(T) ∼ T 1. 4 , specific heat divided by temperature -C(T)/T ∼ -lnT or T −0.58 , and magnetic susceptibility -χ(T) ∼ T −0. 35 , all of which suggest that CeRu 4 Sb 12 is located near a quantum critical point (QCP).
The value of the lattice constant for CeRu 4 Sb 12 at room temperature indicates that the Ce ions are nearly trivalent, suggesting a Kondo lattice is the appropriate description of the physics. However, it should be noted that the unusual evolution of χ(T) with T signals a more complicated scenario where the Ce ions may undergo a continuous valence transition from 3 + towards 4 + with decreasing T.
In this paper, we report NFL behavior in the filled skutterudite CeRu 4 As 12 , indicating that this compound is also near a QCP. However, in this case, the lattice constant at room temperature and the T dependence of χ(T) reveal that the 
II. EXPERIMENT
Single crystals of CeRu 4 As 12 were grown from elements with purities ≥ 99.9 % by a molten metal flux method at high temperatures and pressures, the details of which will be reported elsewhere. 8 After removing the majority of the flux by distillation, CeRu 4 As 12 single crystals of an isometric form with dimensions up to ∼ 0.7 mm were collected and cleaned in acid in an effort to remove any impurity phases from the surfaces of the crystals. The crystal structure of CeRu 4 As 12 was determined by X-ray diffraction on a crystal with dimensions of 0.17 × 0.18 × 0.23 mm. A total of 5714 reflections (447 unique, Rint=0.0772) were recorded and the structure was resolved by the full matrix least squares method using the SHELX-97
program with a final discrepancy factor R1=0.0273 [for I > 2σ(I), wR2=0.0619].
9,10
Electrical resistivity ρ(T) measurements for 50 mK < T < 290 K were performed in a four-wire configuration in zero magnetic field using a conventional 4 He cryostat and a 3 He -4 He dilution refrigerator. Magnetic susceptibility χ(T) measurements for 1.9 K < T < 300 K were conducted using a Quantum Design Magnetic Properties Measurement System (MPMS) on a mosaic of crystals (m = 49 mg) which were mounted on a small
Delrin disc using Duco cement. Specific heat C(T ) measurements for 650 mK < T < 10 K were made using a standard heat pulse technique on a collection of 11 single crystals (m = 45 mg) attached to a sapphire platform with a small amount of Apiezon N grease in a 3 He semiadiabatic calorimeter. The thermoelectric power S(T) for 0.5 K < T < 350 K of CeRu 4 As 12 single crystals with length less than 1 mm was determined by the method described in ref.
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III. RESULTS
Single crystal structural refinement shows that the unit cell of CeRu 4 As 12 has the LaFe 4 P 12 -type structure (IM3) space group with two formula units per unit cell, and a lattice constant a = 8.5004(4)Å, in reasonable agreement with earlier measurements of a = 8.4908Å and a = 8.4963Å. 3, 4, 12 Other crystal structure parameters are summarized in Table I . The displacement parameter U eq represents the average displacement of an atom vibrating around its lattice position and is equal to its mean-square displacement along the Cartesian axes. The displacement parameters determined for CeRu 4 As 12 exhibit behavior that is typical of the lanthanide filled skutterudites. 13, 14 The T -dependence of the electrical resistivity is quite unusual ( fig. 1) . The large value of ρ ∼ 3.5 mΩcm at room temperature suggests that CeRu 4 As 12 is a semimetal. Below 300 K, ρ(T) decreases monotonically with decreasing T with negative curvature between 300 K and ∼ 150 K, positive curvature from ∼ 150 K to ∼ 70 K, negative curvature between ∼ 70 K and ∼ 50 K, and a semi-linear region from ∼ 50 K to ∼ 10 K. At the lowest temperatures (65 mK < T < 3.5 K), ρ(T) can be described by a power law of the form,
where n = 1.4, A = 0.14 K −n , and ρ 0 = 136 µΩcm for nearly two decades in temperature.
The power law behavior, illustrated in the inset to fig. 1 , is consistent with that seen for other NFL systems. 15, 16, 17 It should also be noted that no superconducting transition was detected above 65 mK. 
where χ 0 = 1.5×10 −3 cm 3 /mol and C = 4×10 ppm Ce 3+ or ∼ 500 ppm Gd 3+ could account for the Curie contribution to χ(T). These concentrations seem rather large for paramagnetic impurities, and therefore suggest that the low temperature behavior is intrinsic to CeRu 4 As 12 . As shown below, the T -dependence of χ(T) below ∼ 10 K is consistent with the NFL behavior observed in ρ(T). For 1.9 K < T < 10 K, χ(T) is described by either a power law or a logarithmic function (eqs. 
Further analysis of χ(T) can be made by defining the effective moment µ ′ ef f (T) as shown in fig. 3 , fig. 4 are specific heat divided by temperature C/T vs T 2 data. For T < 10 K, the data decrease with temperature down to 2.6 K, below which there is an upturn that persists to 650 mK. It should be noted that a small feature with a maximum at 2.4 K is also observed. For temperatures 2.6 K < T < 8 K, the data can be described by,
where γ is the electronic specific heat coefficient and β ∝ θ D −3 describes the lattice contribution. Fits of eq. 6 to C(T)/T show that γ ∼ 26 mJ/molK 2 and θ D ∼ 156 K. For 650 mK < T < 2.6 K, C/T diverges from the T 2 T -dependence and increases with decreasing temperature. This low temperature divergence in C/T can be described by either a weak power law or a logarithmic divergence (eqs. 7,8) where ϕ = 100 mJ/mol K 2−l and l = 0.76 or φ = 101 mJ/mol K 2 and ζ = 84 mJ/mol K 2 , respectively. Again, the behavior is consistent with typical NFL phenomena. For the sample with higher S(T), the jump at T * is from one nearly linear S(T) to another with a slightly lower slope. Additionally, a sign change at 0.9 K is observed for this sample.
The S(T) curves for these two samples converge at an upturn near T = 0.47 K, as shown in fig. 5 (ii) where the average value of S/T is equal to -0.6 V/K 2 . It is noteworthy that T * coincides with the upper limit of the temperature range where the electrical resistivity is described by a power law with n = 1.4 ( Fig. 1) . Behnia et al. 22 have argued that, in the zero temperature limit, the thermoelectric power should obey the relation,
where N A is Avogadro's number, e is the electron charge and the constant N A e = 9.65 × 10 4 Cmol −1 is the Faraday number. The dimensionless quantity q corresponds to the density of carriers per formula unit for the case of a free electron gas with an energy independent relaxation time. In our case, q = -2.2 and differs by sign from all eight cerium compounds considered in Ref. 22 This unusual result may also be indicative of an NFL state at low temperatures.
IV. DISCUSSION
Taken together, measurements of ρ(T), χ(T), C(T)/T, and S(T) apparently reveal an
anomalous NFL state for CeRu 4 As 12 at low temperatures. The NFL behavior is characterized by sub-quadratic power law behavior in ρ(T) and weak power law or logarithmic divergences in χ(T) and C(T)/T. The NFL phenomena are also evident in S(T) which deviates from typical behavior previously observed for other Ce compounds and shows sample dependence at low temperatures. To roughly quantify the NFL state, a temperature scale T 0 may be derived from the low temperature fits to ρ(T), χ(T) and C(T)/T using the scaled equations, 16, 17, 18 From these values, R W is calculated to be ∼ 0.5. This value is similar to those found in f-electron materials that exhibit Fermi liquid behavior with heavy quasiparticles. However, the relationship between χ 0 and γ in an NFL system remains unclear.
In addition to NFL behavior, CeRu 
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In typical discussions of NFL physics in f-electron materials, the phenomena are described in terms of interactions between the itinerant electrons and the magnetic rare earth ions. 
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These pictures have been moderately successful in describing numerous NFL systems.
15
However, for the single crystal CeRu 4 As 12 specimens reported here, Kondo scenarios are unlikely to describe the NFL behavior since they require the presence of Ce 3+ ions and, as argued above, the Ce ions in this system appear to have a temperature dependant intermediate valence. As such, we suggest that CeRu It is also of note that a recent study shows that ρ(T) for polycrystalline specimens of where CeRhSb is a Kondo semiconductor and CeRhSn exhibits NFL behavior. 47 In this system, it is possible to tune through a Kondo insulator -NFL quantum critical point as a function of dopant x. This situation may be analogous to the polycrystalline -single crystal CeRu 4 As 12 weak insulator -NFL evolution where the tuning parameter is defect site or Ce concentration.
V. SUMMARY
It has been shown that measurements of ρ(T), χ(T), C(T)/T, and S(T) for single crys- U eq is defined as one-third of the trace of the orthogonalized U ij tensor. 
